ABSTRACT The catalytic properties of noble metal nanocrystals can be tuned via engineering their structures. Nanocrystals with fractal structures are fascinating catalysts regarding their large surface area-to-volume ratios, large numbers of edges and corners, which can be tuned simultaneously by their hierarchical ordering. However, it is still a great challenge to control the hierarchical ordering of noble metal fractal nanocrystals and their formation mechanism is not fully understood. Herein, we report a facile solvothermal method for the direct preparation of a unique single-crystal Rh-hyperbranched structure, which consists of hierarchically ultrathin nanoplates with threefold symmetry, large surface area and high density of low-coordinated edge/corner sites. Importantly, the hierarchical ordering can be readily tuned by changing the composition of solvent. In addition, we found the as-prepared single-crystal hyperbranched Rh nanoplates possessed great structure stability, and exhibited better catalytic performance towards both ethanol electrooxidation and hydrogenation of styrene than the commercial Rh black, which can be attributed to the large surface area and high-dentisty of edge/corner sites.
INTRODUCTION
Noble metal nanocrystals (NCs) have received increasing interest owing to their indispensable role in energy-related catalytic fields [1] [2] [3] [4] [5] [6] . The scarce reserves and high cost of noble metals make it imperative to improve the atom utilization efficiencies and the performances of noble metal-based catalysts. In the past decades, tremendous efforts have been devoted to improve the catalytic properties of noble metal-based materials mostly by tailoring the sizes, shapes, and surface structures of the noble metal NCs having well-defined polyhedral shapes [7] [8] [9] [10] [11] . For example, upon decreasing the size of NCs, the specific surface area and the fraction of unsaturated surface atoms dramatically increase, thereby improving the catalytic reactivity and atom utilization efficiency values [12] . By tailoring the shape of NCs, the exposed surface structure can be tuned and optimized, thereby leading to highly active and selective catalytic sites [13] . Recently, it was found through preparing some specific morphologies, such as nanoframes and jagged nanowires, high density of edge/coner atoms and superior catalytic performances could be directly generated [14, 15] . In this sense, noble metal NCs with fractal structures, characterized by a high density of low-coordinated edge/corner sites and large surface-to-volume ratios, would be also promising catalysts.
Fractal structures (e.g., snowflakes and long coastlines) characterized by self-similar forms with multi-order branching are ubiquitous in nature [16] [17] [18] [19] . In fact, these structures can potentially present infinite boundaries in a limited space. For instance, according to the famous mathematical Koch snowflake pattern, the area of the snowflake only increases to 1.6 times as compared to the original equilateral triangle, while its perimeter approaches to infinity [20] . In nanoscience, the ability to control the hierarchical ordering of fractal structures allows simultaneously tuning the number of low-coordinated edge/corner sites and the surface-to-volume ratios, two key factors governing the catalytic properties of noble metal NCs. However, it is thermodynamically unfavored for noble metals to grow into fractal structures as they tend to form convex polyhedral shapes to minimize the surface free energy during crystal growth. De-spite some progresses made in the preparation of fractallike structures (e.g., dendritic Ag NCs, tri/multi-pod Au, Pt and Pd NCs, etc.), there is still no effective approach to control the fractal structures, especially their hierarchical ordering [21] [22] [23] [24] [25] [26] [27] .
On the other hand, Rh is an important functional material with excellent catalytic performances in a wide variety of important applications such as hydrogenation, hydroformylation, CO oxidation, NO x reduction, and fuel cell-related reactions [28] [29] [30] [31] . In the last decade, great efforts have been made to improve the catalytic properties of this noble metal by tailoring the morphologies and surface structures of Rh NCs [32] [33] [34] [35] [36] [37] [38] [39] [40] . However, owing to the extraordinarily high surface free energy of Rh, successful approaches leading to Rh NCs with high density of low-coordinated edge/corner sites or large surface-tovolume ratios have been scarcely described in the literature. In this paper, we realized the controlled synthesis of a peculiar form of hyperbranched single-crystal Rh fractal nanostructures via a facile solvothermal method. Importantly, the hierarchical ordering of these structures along with the density of low-coordinated edge/corner sites and the surface-to-volume ratios can be readily tuned. Our experimental results demonstrate that the hyperbranched fractal Rh nanostructures prepared herein possess a great structural stability while exhibiting significantly enhanced electrocatalytic and hydrogenation activities as compared to a commercial Rh black catalyst. The large surface area and high density of edge/corner sites can account for the superior catalytic activities of these materials.
EXPERIMENTAL SECTION
Chemicals Rhodium(III) chloride hydrate (RhCl 3 ·xH 2 O, 38%-41% Rh) was purchased from J&K Scientific Ltd.; 1-octadecylamine (ODA, 97%) and Rh black were purchased from Alfa Aesar, tert-butylamine (TBA, 99.5%), chloroform (CHCl 3 , AR), perchloric acid (HClO 4 , AR), sodium hydroxide (NaOH, AR), and ethanol (C 2 H 5 OH, AR) were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Hydrogen (H 2 , 99.999%), nitrogen (N 2 , 99.99%) and mixed gas (4% CO + 96% N 2 ) were purchased from Linde Industrial Gases. All reagents were used as received without further purification.
Synthesis of hyperbranched Rh triangle nanoplates
In a typical synthesis, RhCl 3 ·xH 2 O (5.0 mg) was mixed with 8 mL ODA. The resulting homogeneous yellow solution was transferred to a 25-mL Teflon-lined stainlesssteel autoclave. The sealed vessel was then heated at 200°C for 10 h before it was cooled to 70°C. The black products were separated via centrifugation and further purified by an ethanol-chloroform (1:4) mixture several times for further use. For tailoring the sizes, the ODA was replaced by equivalent volume of TBA while keeping other conditions unchanged. For convenience, the as-synthesized Rh samples are referred to herein as Rh branch-(8−x):x, where x represents the volume of TBA in the growth solutions.
Characterizations
The morphology and crystal structure of the as-prepared products were observed by scanning electron microscopy (SEM, Hitachi S4800) and high-resolution transmission electron microscopy (HRTEM, JEM 2100) with an acceleration voltage of 200 kV. The samples were prepared by dropping chloroform dispersion of samples onto carbon-coated copper TEM grids. The phases of the asprepared products were determined by powder X-ray diffraction (XRD) pattern using a Rigaku Ultima IV X-ray diffractometer with Cu Kα radiation. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was conducted on a Nicolet 6700 spectrometer by depositing the chloroform suspensions of hyperbranched Rh NCs on dried KBr powders followed by solvent evaporation.
Box-counting estimation of the fractal dimension
In this method, square boxes with a size of ε were used to cover the pattern. N(ε) represented the number of boxes required to cover the dendritic pattern. The box-counting dimension can be defined as:
Pre-treatment of the hyperbranched Rh nanoplates before catalytic applications Before catalytic tests, a pre-treatment based on ligand exchanging was conducted to clean the surface of catalysts. In a typical process, a batch of as-prepared branched Rh NCs was stirred with 10 mL n-butylamine for 72 h at room temperature. After that, the hyperbranched Rh nanoplates were collected by centrifugation at 10,000 rpm for 8 min and washed three times with ethanol to remove the excess surface adsorbed amines. The product was dried at 65°C in vacuum oven overnight for further catalytic measurements. , m is the loading mass of catalysts on the working electrode. ) was placed into a glass pressure vessel with 75 mL of capacity. To remove air from the reaction system, the autoclave was purged with H 2 under pressure of 0.2 MPa for several minutes. Subsequently, the autoclave was pressurized with 0.2 MPa H 2 and stirred magnetically at 30°C for 1 h. The reaction was stopped every 15 minutes to extract 200 μL solution for gas chromatographic (GC-2014C, Shimadzu Corporation) analysis and conversion determination.
Electrocatalytic measurement

Hydrogenation of styrene
RESULTS AND DISCUSSION
The single-crystal hyperbranched Rh fractal nanostructures were prepared via a facile solvothermal route at 200°C for 10 h by using RhCl 3 (5 mg) as a precursor and octadecylamine (ODA, 8 mL) as both solvent and reducing agent in the absence of any other surfactant or substrate. Fig. 1a shows the powder XRD pattern of the as-prepared sample. All the diffraction peaks were well indexed to a fcc metallic Rh structure (JCPDS No.05-0685). The broadening of the diffraction peaks was attributed to the ultrathin plate-like structural feature of the sample. The TEM images shown in Fig. 1b , c and the SEM image in Fig. S1 clearly reveal the presence of highly ordered hyperbranched Rh nanoplates with a well-defined triangle outline. This outline shows three main arms rotated by 120°with respect to each other and an arm length a (i.e., the distance from the center to the vertex) of 81.3± 8.8 nm. In essence, these triangle nanoplates with multiple-order branching can be considered as highly ordered assemblies built with numerous primary triangles growing each other from the three vertices of a triangle, as illustrated in Fig. 1b . Electron diffraction (ED) characterization further reveals that these hyperbranched Rh triangle nanoplates are single-crystalline, with the top/ bottom surfaces being bounded by {111} planes, and the three main arms growing along the three 〈211〉directions of the fcc Rh structure. Remarkably, the appearance of weak 1/3(422) diffraction spots in the ED pattern (marked as a triangle in Fig. 1c , inset), normally forbidden for fccstructured metals, indicates that the as-prepared hyperbranched Rh triangle nanoplates contain high-density stacking faults or twin planes parallel to (111) planes [41] . The perfect single-crystalline nature of such hyperbranched Rh triangle nanoplates was also confirmed by the corresponding HRTEM image (Fig. 1d) , are the lattice fringes with an interplanar spacing of 0.23 nm, corresponding to the 1/3(422) fringes of fcc Rh (Fig. 1d) are aligned across the entire branch. The dark-field microscopic images (Fig. 1e , f) reveal no bright strain fringes near the junction zone between the two triangles, thereby indicating the absence of defects. With the aim to obtain the thickness information, vertically oriented hyperbranched Rh triangle nanoplates are specifically characterized (Fig. S2) . Based on the analysis of more than 60 Rh triangle nanoplates, the thickness is estimated to be 4.0 ±0.7 nm (Fig. 1g, h ).
Morphologically, these as-prepared Rh fractal NCs possess a highly ordered hyperbranched feature, which is completely different from those previously reported planar tri-or multi-pods. The latter shows only a one-order branched morphology with three-or multi-arms. The materials prepared herein are also different from the dendritic structures that are usually disorderly attached self-assemblies of irregular primary units (Table S1 ). In the case of the fractal structures, the fractal dimension (D) can serve as a self-similarity measure of the structure over multiple scales of dimension. In the case of two-dimensional fractal structures, D is a non-integer value between 1 (for line) and 2 (for plane) [16, 42] . According to the result estimated by the box counting method (see Supplementary information for details) shown in Fig. 1i , the hyperbranched Rh triangle nanoplates show a D value of 1.73±0.04, significantly lower than 2 that is typically for a compact triangle.
The formation of highly symmetrical hyperbranched Rh NCs is interesting. To gain insight into the formation mechanism, a time-dependent experiment was conducted. Fig. 2a-d show representative TEM images of the growth intermediates collected at different reaction times. No products could be collected within 1 h. The products collected at 2 h were dominated by distributed triangle nanoplates with a side length of 25±5 nm, together with a few branched materials with three arms (Fig. 2a) . This indicates that the triangle nanoplates are building blocks for those three-armed branched nanoplates. As the reaction progressed (3 h), second and even third order branching was developed in the primary triangle nanoplates and the arm length quickly grew (Fig. 2b) . The branched nanoplates maintain the threefold symmetry during the growth. After continued growth up for 5 h, almost all the Rh triangle nanoplates in the products show a hyperbranched structure (Fig. 2c) . The morphology and size of the hyperbranched Rh NCs remained nearly unchanged for reaction times up to 10 h (Fig. 2d) . It should be noted that except for the initial reaction stages, few distributed triangle nanoplates (i.e., building blocks for the hyperbranched structure) were produced in subsequent reaction periods. Thus, the fractal growth of the highly ordered hyperbranched Rh triangle nanoplates did not follow the oriented attachment mechanism often invoked to explain the formation of single-crystalline branched or hierarchical nanostructures [43] [44] [45] . Based on the above observation, we deduced that the highly ordered hyperbranched Rh triangle nanoplates resulted from the continuous growth of primary triangle nanoplate seeds, as illustrated in Fig. 2e . Randomly dendritic structures are usually formed by growing branched structures that strictly obey a diffusionlimited aggregation mechanism [46, 47] . The highly symmetrical fractal structures reported herein implied it followed a more complex growth mechanism as compared to a simple diffusion-limited growth. In our experiments, the sealed autoclave provided a high reaction temperature and high pressure environment for growth. Such unstable and oscillating experimental conditions may stimulate new nucleus to appear at the tips of the existing seeds, where the growth is significantly favored because of the advantageous location for obtaining the crystal-grown precursors [48] [49] [50] . The successive nucleation process followed the crystallographic orientation related to the crystal anisotropy of the noble metal. Thus, a fractal structure with anisotropy was obtained during the diffusion-limited growth process, which was defined as the nucleation-limited aggregation growth [48] [49] [50] .
For the fractal structures under diffusion-limited growth conditions, the structure was very sensitive to the diffusion of the growth units. Theoretically speaking, the diffusion of the growth units in the growth solution can be expressed by the Fick's first law as follows:
where J is the diffusion flux of the growth units, dc dx is the concentration gradient, and D is the diffusion coefficient. Furthermore, D can be determined with the Stokes-Einstein relation:
where η is the viscosity of the solvent, r is the radius of the atoms diffusing in the solvent, N A is the Avogadro constant, T is the absolute temperature, and R is the gas constant [51] . Therefore, in a wet-chemical reduction environment at a given reaction temperature, the diffusion of the growth units can be adjusted by controlling their concentration and the viscosity of the solvent. The viscosity directly affects the diffusion coefficient of the growth units. In this regard, the composition of the growth solution (especially the solvent) plays a vital role in forming branched structures. In our system, the ODA that contains a long n-alkyl chain was used as both solvent and reducing agent. It is well known that the molecules containing n-alkyl chain are easy to interdigitate each other, and the intermolecular crosslinking leads to the high viscosity of the growth solution [52] [53] [54] . Besides, the large steric barrier coming from the n-alkyl chain of ODA between the surface of the crystal nucleus and the bulk solution may further limit the diffusion of the growth units. These two main effects (i.e., high viscosity and large steric barrier) provided the solvent with a low diffusion coefficient for the growth units, thereby favoring the formation of the hyperbranched structure. As recently described by Peng and co-workers [55] , utilization of branched organic molecules can significantly reduce the steric barrier. Thus, it is reasonable that the diffusion rate of growth units could be adjusted by introducing certain solvents with branched structure, thereby leading to the morphology evolution for the hyperbranched structures.
In this sense, we gradually introduced TBA into the growth solution by replacing ODA with equivalent volumes of TBA. Different ODA to TBA volume ratios were used (i.e., 8 mL:0 mL, 6 mL:2 mL, and 4 mL:4 mL). For convenience, the as-synthesized fractal Rh nanoplates were referred herein as Rh branch-(8−x):x, where x represents the volume of TBA in the growth solutions. As shown in Fig. 3a -c (see Fig. S3 for low-magnification TEM images), the Rh samples are still dominated by hyperbranched Rh triangle nanoplates at the different ODA to TBA ratios studied herein (8:0, 6:2, and 4:4). Notably, the arm length of these hyperbranched Rh triangle nanoplates gradually decreased with the increasing volume of TBA in the growth solution (81.3±8.8, 52.7±4.9, and 26.8±2.9 nm for the 8:0, 6:2, and 4:4 ODA to TBA ratios, respectively, black line in Fig. 3d ). At the same time, the hierarchical ordering decreased with the progressively increasing volume of TBA, and a tri-pod structure was formed (Fig. 3c) . The corresponding fractal dimensions slightly decreased with the volume of TBA (1.73±0.04, 1.67±0.05, and 1.62±0.07 for the Rh branch-8:0, Rh branch-6:2, and Rh branch-4:4 samples, respectively, red line in Fig. 3d and Fig. S4 ). The larger the fractal dimension D is, the more compact a branched structure is. Here, along with the branched patterns getting less compact, the hierarchical ordering decreased, as well as the fractal dimensions and the sizes. However, when only TBA was used in the growth solution, irregular Rh NCs with unbranched structures were produced (Fig. S5 ). This result indicates that the crystal growth of Rh NCs in pure TBA is beyond the scope of a diffusion-limited growth. Besides, the effect of the reaction temperature was also investigated. There was no product below 150°C. At 160°C, the obtained NCs were still fractal nanostructures although severe aggregation occurred (Fig. S6a) . After the reaction temperature was elevated to 220°C, the as-prepared nanocrystals were still hyperbranched Rh nanoplates (Fig. S6b) . This minor change may be due to the limited viscosity disturbance by varying the reaction temperature in our synthetic system.
In order to further investigate the role of ODA and TBA in the hierarchical ordering change process, the asprepared samples and pure ODA and TBA were analyzed by DRIFTS (Fig. 3e, f) . The triplets at 2958, 2920, and 2852 cm −1 were ascribed to the CH 2 asymmetric and symmetric stretching modes of the ODA chain, while the band at 720 cm −1 was produced by the -(CH 2 ) n -(n > 3) rocking vibration [56] . The peaks located at ca. 1240 and 1370 cm −1 were assigned to the t-butyl groups and to the symmetric CH 3 deformation vibration of the t-butyl groups, respectively [56] . These IR studies revealed that, despite using two solvents, only ODA was present in all the prepared hyperbranched Rh triangle nanoplates. As shown in Fig. 3f , when comparing the spectra of pure ODA and the hyperbranched Rh triangle nanoplates with different sizes, a series of peaks were found in the 1350-1180 cm −1 region which were ascribed to the all trans configuration of the -CH 2 -groups in the hydrocarbon chain [55] . However, these peaks were less intense while increasing the volume of TBA, thereby revealing a progressive interruption of the trans configuration. These IR results suggested that ODA can be strongly adsorbed on the Rh surfaces, while TBA may mainly act as the ligand regulator. The interdigitated pack formed by ODA would be destroyed by the branched TBA, and the reduced steric barrier between the surface of NCs and the bulk solution would accelerate the diffusion rate of the growth units. Besides the steric effect, TBA also reduced the overall viscosity by destroying the intermolecular crosslinking of ODA, thereby accelerating the diffusion of the growth units. Overall, the diffusion rate of the growth units can be deliberately accelerated by progressively increasing the volume of TBA. Once the diffusion of the growth units no longer governed the crystal growth process, the hyperbranched structure disappeared.
As indicated in Equation (1), the concentration gradient has a significant effect on the diffusion flux. In this study, the concentration gradient originated from the different concentrations of precursor near the surface of the crystal nucleus and in the bulk solution. Therefore, the influence of the precursor concentration was also investigated, and the results are shown in Fig. S6 . When only 0.25 mg RhCl 3 were added (5% as compared to the standard synthesis), flower-like assemblies consisting of nanoplates and small nanoparticles were formed (Fig. S7a) . At such low concentration, there is no sufficient growth units to diffuse after the nucleation, thereby avoiding the formation of branched NCs. As the concentration of the precursor increased, the thickness of the diffusion layer decreased that in turn increased the concentration gradient, thus . . . . . . . . . . . . . . . . . . . . . . . . . . . . favoring the formation of branched structures. When the amount of precursor was increased to 0.5 mg (10% as compared to the standard synthesis), branch-like structures were observed (Fig. S7b) . When increasing the amount of the precursor to 2 mg (40% as compared to the standard synthesis), the driving force for the formation of branched NCs was further increased, and tri-pods with short arm (ca. 10 nm) structures were obtained (Fig. S7c) . However, at extremely high amounts of precursor (i.e., 30 mg, 6 times larger as compared to the standard synthesis), almost planar tripods with 50 nm arms were obtained (Fig. S7d) . This may be attributed to the fact that an ultra-high concentration of precursor would induce numerous seeds in the nucleation stage. Thus, secondary triangles failed to grow from the planar tripods at these conditions. On basis of the two series of control experimental results described above, rational control of the growth unit diffusion process is essential for synthetizing our highly ordered hyperbranched Rh triangle nanoplates.
Owing to their large specific surface area and high density of low-coordinated edge and corner sites, highly branched fractal nanostructures usually show high catalytic activities towards numerous reactions [5, 57, 58] . Thus, the structural nature of the as-prepared hyperbranched Rh triangle nanoplates was firstly characterized taking advantage of the surface structure-dependent electrochemical cyclic voltammograms (CVs). Fig. S8 shows typical CVs in 0.1 mol L −1 HClO 4 for the as-prepared hyperbranched Rh triangle nanoplates as well as a state-of-the-art commercial Rh black catalyst (see TEM image in Fig. S9 ) that served as a reference for comparison. All the samples exhibited well-defined hydrogen and oxygen adsorption/desorption peaks. Importantly, these catalysts exhibited remarkably different current density in the oxygen adsorption/desorption region (0.10-0.80 V). It is well-known that the low-coordinated atoms such as steps, kinks, or structural defects can greatly enhance the oxygen adsorption, thus resulting in large oxygen adsorption/desorption currents [31, 40] . All the hyperbranched Rh triangle nanoplates showed larger oxygen adsorption/desorption currents than the commercial Rh black, with Rh branch-6:2 exhibiting the largest current value. This result was in agreement with the density of edge/corner sites calculated for the different samples (Fig.  S10) . Thus, Rh branch-6:2 showed the largest density of edge/corner sites followed by Rh branch-4:4 and Rh branch-8:0.
In addition, electrochemical CO stripping experiments were conducted to determinate the electrochemically specific surface areas (ECSAs) of the catalysts. The electroactive surface areas of Rh branch-4:4, Rh branch-6:2, Rh branch-8:0, and commercial Rh black were 42.6, 43.7, 21.1, and 18.6 m 2 g −1 Rh, respectively (Fig. 4a , Table S2 ). All the hyperbranched Rh triangle nanoplates possessed larger specific surface areas than the commercial Rh black catalyst. The Rh branch-6:2 showed the largest ECSA value (ca. 2.3 times that of the commercial Rh black catalyst). It is particularly worth mentioning that the onset potentials for CO stripping on Rh branch-4:4, Rh branch-6:2, and Rh branch-8:0 were lower than that of the commercial Rh black catalyst by 50, 80, and 20 mV, respectively (Fig. 4a , inset, see Table S2 for detailed onset potentials). According to previous studies, Rh surfaces with open structure are active towards the CO stripping reaction [59] . Clearly, the enhanced CO removal ability of these hyperbranched Rh triangle nanoplates should originate from the high densities of edge and corner sites of these materials.
The hyperbranched Rh triangle nanoplates having great CO removal ability and large ECSAs may find potential applications as fuel cell catalysts for the oxidation of small organic molecules, since electrocatalysts with outstanding CO tolerance and large electroactive surface areas are highly desired. Considering the excellent catalytic activity of Rh NCs towards the electrooxidation of ethanol in alkaline medium, we selected this model reaction to study the catalytic performance of the hyperbranched Rh triangle nanoplates. All oxidation currents were normalized to the ECSAs (obtained from the electric charges for CO stripping) and the corresponding loading mass. Fig. 4b shows the CVs normalized against the loading mass of catalysts for the electro-oxidation of ethanol at room temperature (ca. 26°C) in a 1.0 mol L −1 ethanol + 1.0 mol L −1 NaOH solution. The electrocatalytic activity clearly increases in the order commercial Rh black < Rh branch-8:0 < Rh branch-4:4 < Rh branch-6:2. The Rh branch-6:2 exhibits the highest electrocatalytic activity (in the forward sweep) value (146.6 A mg −1 ), which is 3.5, 1.5, and 5.2 times larger than those of Rh branch-8:0, Rh branch-4:4, and commercial Rh black catalysts, respectively. A similar tendency was observed when the oxidation currents were normalized to the ECSAs (Fig. 4c, Fig.  S11 , and Table S3 ). These results showed that the enhanced electrocatalytic activity towards the electro-oxidation of ethanol was highly related to the fractal structure, which contained large surface areas and high densities of active sites such as edge/corner atoms. Interestingly, our results reveal that the optimal catalytic activity can be tuned by varying the hierarchical ordering of the catalysts, where both the specific surface area and the density of edge and corner sites can be simultaneously optimized. Moreover, the hyperbranched Rh triangle nanoplates exhibited a good electrocatalytic stability. As shown in Fig. 4d , all the hyperbranched Rh triangle nanoplates displayed higher catalytic activities than the commercial Rh black catalyst over the entire measurement range. The remarkable stability of these hyperbranched Rh triangle nanoplates was further supported by the nearly unchanged morphology of the materials after the harsh electrochemical tests (Fig. S12) . Additionally, the morphology of these hyperbranched Rh triangle nanoplates remained unchanged even after 6 months at room temperature and under atmospheric environment (Fig. S13) .
Apart from being a high-performance electrocatalyst for fuel cells, Rh is also widely used as catalyst for hydrogenation reactions in the fine chemical industry. Edge and corner atoms with low coordination number have been demonstrated to be active in the liquid-phase hydrogenation of styrene to ethylbenzene [60, 61] . Therefore, we further selected the hydrogenation of styrene as a model test reaction to characterize the catalytic activity of our materials. Fig. 5 displays a comparison of the conversion of styrene to ethylbenzene as a function of the reaction time for the different Rh catalysts. Again, the best performance was achieved by Rh branch-6:2, followed by Rh branch-4:4, Rh branch-8:0, and commercial Rh black. The order of the catalytic hydrogenation activities followed the trend of the specific surface areas and the density of edge/corner sites. Likewise, in this model hydrogenation reaction, the large specific surface areas and high-densities of low-coordination edge/corner sites on the hyperbranched Rh triangle nanoplates prepared herein were essential for their significantly enhanced catalytic activity.
CONCLUSIONS
In summary, we firstly demonstrated that a single-crys- talline fractal nanostructure of Rh with well-defined shape and surface can be obtained by reducing RhCl 3 with ODA without any surfactant or template. Such hyperbranched Rh triangle nanoplates have unique structure features, which are thin, threefold symmetric, and highly branched shape. The large steric barrier of ODA plays a vital role in the formation of hyperbranched structure. And the hierarchical ordering of the hyperbranched structure can be roughly controlled by intentionally introducing TBA. More importantly, the as-prepared hyperbranched Rh nanoplates possess large specific surface area as well as high-density of low-coordination edge and corner sites, which result in the outstanding catalytic activity towards the electrooxidation of ethanol and the hydrogenation of styrene. Besides, they exhibit great stability in hash electrochemical condition and atmospheric environment. We believe this work advances our understanding of the formation of fractal nanostructures, and would stimulate the exploration of other noble metal NCs with similar structures with their advantages in various applications. 
